A study of the inverse processes of photoionization and electron-ion recombination of P II is reported. Phosphorus, a little studied cosmic element, requires atomic parameters such as those presented here for spectral analysis. The unified method of Nahar and Pradhan, which incorporates two methods of recombination -radiative recombination (RR) and dielectronic recombination (DR) -and the interference between them, is used to obtain the total electronion recombination. This method implements the framework of the R-matrix close-coupling approximation. The present results include the partial photoionization cross-sections σ PI (Jπ ) leaving the residual ion in the ground level and level-specific recombination rate coefficients, α RC (Jπ ), of 475 fine-structure levels of P II with n ≤10. In photoionization of the ground and many excited levels, a sharp resonance is found to form at the ionization threshold from couplings of relativistic fine-structure channels. These, with other resonances in the nearthreshold energy region, yield a slight curvature, in contrast to typical smooth decay, at a very low temperature of about 330 K in the total recombination rate coefficient α RC . The presence of other Rydberg and Seaton resonances in the photoionization cross-section introduces features in the level-specific recombination rate coefficients and a DR bump at high temperature at 10 5 K for the total recombination rate coefficient. Considerable interference between RR and DR is noted around 6700 K. The recombination spectrum with respect to photoelectron energy α RC (E) is also presented. The results are expected to provide accurate models for astrophysical plasmas up to ∼1 MK.
I N T RO D U C T I O N
Phosphorus is a primary element in the ribonucleic acid (RNA) of all living cells and functions in signal passing for DNA. However, its detection has been difficult in comparison with other basic elements of life, such as carbon, oxygen, etc. Recently, it has been detected in a number of astronomical objects, e.g. in damp galaxies by Molaro et al. (2001) and Welsh et al. (2001) . Lines of P II and P III have been found in the high-resolution spectra of hot OB stars under a project called private communication) .
It is a highly reactive ion and there is a lack of detailed information regarding its atomic interactions, which is needed for spectral analysis. P II is a Si-like ion, but due to its low abundance it was not studied under the Opacity Project (Seaton 1987; Opacity Project Team (OP) 1995 until recently by and . The photoionization cross-section of P II at low energy was measured with high precision at the Advanced Light Source (ALS) by Hinojosa et al. (2015) . The features have been studied in E-mail: nahar.1@osu.edu detail and were identified theoretically using the R-matrix method .
The present work focuses on photoionization and electron-ion recombination processes, which are inverse to each other, as expressed below:
where X + is an ion. The above equation expresses direct photoionization and electron-ion recombination, where the latter is called radiative recombination (RR) and appears as featureless background cross-sections. However, when the energy matches a level of the Rydberg series (S i L i J i π i )νl above the ionization energy, an intermediate doubly excited autoionizing state is formed. (S i L i J i π i ) is an excited level of the core and νl, where ν is the effective quantum number, which is the quantum level of the outer excited electron of the ion such that the Rydberg series of levels converges on to the excited core. The autoionizing state is a quasi-bound state and breaks down to either autoionization (AI), where the interacting electron goes into the continuum, or dielectronic recombination (DR), where it is captured by emission of a photon (e.g. Pradhan & Nahar 2011): e + X ++ ↔ (X + ) * * ↔ (a) e + X ++ (AI ), (b) hν + X + (DR).
An autoionizing state is manifested as a resonance in the process. A resonance can be calculated naturally by including the core excitation in the wavefunction, such as is considered in the close coupling (CC) approximation used in the present work. The present work reports features of partial cross-sections, in contrast to earlier total (Nahar 2016) photoionization, leaving the core in the ground level. Although similar, it is a separate computation from the earlier one. These cross-sections are needed to obtain the recombination cross-sections and rates for P II.
T H E O RY
The unified method for the total electron-ion recombination (Nahar & Pradhan 1992 , 1994 Zhang, Nahar & Pradhan 1999; Pradhan & Nahar 2011 ) considers the unified nature of the (e + ion) recombination process by including both the RR and DR and their interference. Hence it gives the total recombination rate. The method implements the framework of the close-coupling approximation (CC) and R-matrix method and provides a self-consistent set of atomic parameters for photoionization and electron-ion recombination. The relativistic effects are included in the Breit-Pauli R-matrix (BPRM) method as developed under the Iron Project (Hummer et al. 1993; Pradhan & Nahar 2011) .
In the CC approximation, the total wavefunction (E) is expressed as an expansion of wavefunctions χ i of the core of N electrons multiplied by the interacting (N+1)th electron wavefunction θ:
The sum in the first term is over the number of the ground and various excited states of the residual or core ion. The second term, basically part of the first term, contains the bound-channel functions j of the (N+1)-electron system to account for short-range correlation and the orthogonality between the continuum and the bound orbitals. Substitution of the expansion in the Schrodinger equation results in a set of coupled equations, which is solved for energies and wavefunctions using the R-matrix method. The wavefunction
is the kinetic energy of the interacting electron, corresponds to a bound state B for E < 0 or a continuum state F for E > 0. Interference of the bound and continuum channels with the excited core in the transition matrix introduces resonances.
The transition matrix element < B || D|| F >, where D = i r i is the dipole operator and the sum is over the number of electrons, gives the line strength as
The photoionization cross-section, σ PI , is obtained from the line strength as
where g i is the statistical weight factor of the initial bound state.
Assuming the recombining ion is in its ground state, σ PI corresponds to a partial photoionization cross-section, leaving the ion in the ground state. The radiation damping effect of autoionizing resonances is included using a scheme developed by Sakimoto et al. (1990) , Pradhan & Zhang (1997) and Zhang et al. (1999) . The unified method obtains the level-specific electron-ion recombination cross-section σ RC for levels up to n ≤ n o , which is typically 10, from photoionization cross-sections σ PI using the principle of detailed balance:
The equation is expressed in atomic units. is the photoelectron energy in Ry, g j is the statistical weight factor of the recombined ion, I is the ionization potential and α is the fine-structure constant. The total recombination cross-section, σ RC , is the summed contribution of all recombined levels. This sum also gives the location and strength of diagnostic dielectronic satellite (DES) lines of the ion in hot plasmas. However, the DES lines are identifiable only for a few electron systems where overlapping of resonances is small. The unified method includes contributions of states with n o < n ≤ ∞, which are closely lying narrow resonances and are dominated by DR, through the quantum-defect theory of DR within the closecoupling approximation (Bell & Seaton 1985; Nahar & Pradhan 1994) . They are obtained in the form of recombination collision strength, RC , which is related to the recombination cross-section, σ RC in Mb, by
where k 2 i is the electron energy in Ry. RC is a numerically stable quantity compared with σ RC , which diverges at zero photoelectron energy. The non-resonant background contribution of these states, referred to as the 'high-n top-up', is added in the hydrogenic approximation . This contribution is negligible except at very low temperature, where DR may not be accessible by a low-energy electron.
The recombination rate coefficient, α R (nSLJ), of a recombined level i = nSLJ at temperature T is obtained by averaging the recombination cross-sections σ RC (i) over a Maxwellian electron distribution function f(v, T) as
where
These individual rate coefficients i α R (i, T) are summed for the total recombination rate coefficient, α R . The features of the recombination rate coefficients α RC (E) with respect to photoelectron energy E are of interest, as these can be measured experimentally (e.g. Pradhan, Nahar & Zhang 2001) . α RC (E) with photoelectron velocity v can be obtained as
The observed recombination spectra of α RC (E) are typically convolved with the monochromatic bandwidth of the experimental beam in synchrotron facilities such as the Test Storage Ring in Heidelberg.
C O M P U TAT I O N S
The calculation for the partial photoionization cross-sections was carried out using the Breit-Pauli R-matrix (BPRM) package of codes (Berrington, Eissner & Norrington 1995; Nahar & Pradhan 1994; Zhang et al. 1999) . These codes were extended extensively from the original codes (Burke & Taylor 1975; Scott & Burke 1980) . The energies of the 18 levels of the core ion P III used in the close-coupling wavefunction expansion (equation 3) were obtained from the atomic structure calculations of 19 configurations using the code SUPERSTRUCTURE (SS: Eissner, Jones & Nussbaumer 1974; Nahar et al. 2003) and are listed in Table 1 . They are the same as those used earlier by . We note, that with an increased number of levels in the close-coupling expansion, more resonances are introduced and background cross-sections vary as the close-coupling expansion slowly converges. However, for the present energy range investigated, the above 18-level approximation provides an adequate representation, as illustrated in our recent theoretical/experimental investigation on this system . It adequately reproduces the high-resolution ALS experimental measurements, as indicated in the recent work by .
The core ion wavefunctions χ i of equation (3) for these levels are used as the initial input for the BPRM stages of computation. For improved accuracy of the energy positions of the resonances, calculated energies were replaced by the observed energies available in the energy table compiled at the National Institute of Standards and Technology website (NIST) (discussed in Nahar 2016). The second term of included 39 configurations of P II (Nahar 2016) . Table 1 gives the radiative decay rates or A values for dipole allowed (E1) transitions to the ground level. They were obtained using the program ss. These dipole allowed transitions introduce series of stronger autoionizing resonances at energy positions of Rydberg states S t L t J t π t νl belonging to core state S t L t J t π t . They also introduce Seaton resonances caused by photo-excitation of the core (PEC: Yu & Seaton 1987) at the excited thresholds. These are discussed later.
The photoionization cross-section σ PI beyond the resonant region can be extended to the high-energy region by extrapolation using the fitting formula
where the values of parameters a and b are determined from two cross-sections σ 1 and σ 2 at energies E 1 and E 2 before the beginning of extrapolation as
The condition on parameter b is 0 > b ≥ −3. At energies where the condition is not satisfied and at very high energies, Kramer's fit
is used σ o is the cross-section at energy E o where the extrapolation begins.
The level-specific recombination rate coefficients α R (i) of levels with n ≤ 10 were obtained from the code RECXS (Nahar, Pradhan & Zhang 2000) . The integration for α RC (T) extends to ∞ in energy. For fast convergence, the rate-coefficient equation was converted to this form:
in the high-energy region x = exp ( − E/kT), which has slow variation at low and fast variation at high T. The sum of α RC (i, T) gives the main contribution to the total. The DR collision strengths for the narrow and dense resonances in the energy region 10 < ν ≤ ∞ below each target excited threshold were obtained using STGFDR (Nahar & Pradhan 1994; Zhang et al. 1999) . The radiative decay rates needed for the S-matrix evaluation are given in Table 1 . The RR background contributions from all n ≤ ∞ were added in the hydrogenic approximation, as described in .
R E S U LT S A N D D I S C U S S I O N
The inverse processes of photoionization and electron-ion recombination of P II have been studied using the unified method of Nahar & Pradhan (1992 , 1994 . Various features of the two processes and their correspondences are discussed in two separate sections below.
Photoionization
The present work considers photoionization of P II leaving the core in its ground level 3s 2 3p( 2 P o 1/2 ) and reports photoionization crosssections (σ PI ) of 475 levels with n ≤ 10. Elaborate features in σ PI that contribute to electron-ion recombination for P II are illustrated with examples. Fig. 1 shows σ PI of (a) the ground and (b) and (c) two excited levels of P II that display certain characteristics in resonances over an energy region. Each level shows a resonance at the threshold. The resonance has been formed by relativistic effects, mainly the relativistic fine-structure channels 3s 2 3p( 2 P o 3/2 )νl, which do not exist in the LS coupling approximation (Nahar 2016) . These resonances have been observed experimentally (Hinojosa et al. 2015; . The threshold resonance is found to exist in the photoionization cross-sections of many other excited levels. Fig. 1 also shows the extended energy region beyond the threshold featured by resonances. These resonances are the Rydberg series of resonances that belong to various excited levels of the core ion. The existence of these resonance complexes is common for low-lying excited levels when electron-electron interactions are strong for multi-electron systems. These low-energy resonant features of Fig. 1 can have an impact on quantities such as recombination rates, photoionization rates, etc., at low temperature. For the present case, these resonant features have introduced a slight curvature in the low-temperature region of the curve for the total recombination rate coefficients (shown later). The cross-sections of high-lying excited states start at much lower ionization thresholds than the top one. All three levels show strong Seaton resonances at photon energies (shown by arrows in the figure) for dipole transitions from the ground level of the core. These transitions are specified in Table 1 . A photon at an energy matching a transition energy is absorbed by the core ion for excitation, while the outer electron remains as spectator. The state leads to resonant photoionization, often with enhanced background cross-section as the core drops back to the ground level. Seaton explained these resonances in terms of PEC (Yu & Seaton 1987; Nahar & Pradhan 1991) . The resonant peak is related to the radiative decay rate of the state and the enhancement can raise the background cross-sections to orders of magnitude, as seen for these three levels. The energy positions of these resonances remain about the same in photoionization of any excited level, regardless of the ionization energy of the level. The reason is that the transition energies of the core ion remain the same. These resonances make significant contributions to recombination in high-temperature plasmas.
The illustrative cross-sections in Figs 1 and 2 are presented in the photon energy ranges that correspond to a significant display of resonant features and effect on the background by excitations of the core ion. It may be noted that the features are extended be- yond the highest core excitations included in the first term of the wavefunction in equation (3). Table 1 shows that the energy of the highest core excitation is about 1.46 Ry. If this energy is added to the ionization energy of any level in the figures, we can see that the resonant structure continues beyond the added energy, indicating contributions from higher excitations in the core. This is an effect of correlation or interaction of configurations. The present computation includes a large number of configurations for the core ion where orbitals 4d, 4f and 5s are also included and they have introduced resonances. These resonances are not as precise as the lower ones. The high-energy featureless background cross-section beyond these resonances is obtained by extrapolation, as described in the computation section. The file for photoionization cross-sections with extended energy range will be available electronically online at NORAD-Atomic-Data database (NORAD Atomic Data database http://norad.astronomy.ohio-state.edu).
It may be noted that P II is a near-neutral ion that exists in lowenergy and low-temperature plasmas. Hence its core ion does not excite to very high-lying levels. This is the reason for choosing 18 levels in the wavefunction expansion. The dominance of core ion excitations to low-lying levels and their convergence is evident from the resonant and enhanced background features in the lower energy region and weaker resonances in the higher energy regions of photoionization cross-sections. Hence convergence of contributions for core ion excitations in the high-energy region (Nahar & Pradhan 2016 ) is not of much relevance. 
Electron-ion recombination
The level-specific recombination rate coefficients α RC (jπ ) of all 475 fine-structure levels of P II with n ≤ 10 are reported. They are often needed for the cascade matrix in models. These rates are obtained from the level-specific photoionization cross-sections as described in Section 2. Rate coefficients of each level include both RR and DR and display the shapes and structures of recombination at various temperatures.
The structures in α RC (Jπ ) of a level depend on the position and strength of the resonances as well as enhancement in the background σ PI . Fig. 3 presents samples of level-specific recombination rate coefficients to illustrate such features. The top panel (a) presents α RC (i) of the ground level, which is often a smoothly decaying curve.
However, the existence of a resonance at the threshold and a broad resonance near it has introduced a curvature at very low temperature. The ground and 3s 2 3p 2 ( 1 D 2 ) levels of the ground configuration in panels (a) and (b) show a relatively smooth and featureless rate coefficient compared with the other excited levels presented in the figure. Levels (c) ) have high recombination, with some variations at low temperature and a prominent 'DR' bump at high temperature. However, level (f) 3s 2 3p8k( 1 I 6 ) starts with almost no recombination, because its σ PI has no resonance and low background in the lowenergy region. However, the presence of a large DR bump shows that it dominates recombination at high temperature.
The recombination rate coefficients of the 475 levels were processed for dominance at various low and high temperatures. A level does not typically remain dominant for the entire temperature range, due to variations in the structure of its α RC (Jπ ). At each temperature, the set of levels that contribute to 80 per cent of the total α RC was obtained. Table 2 presents α RC (jπ ) of a number of levels that make the dominant contributions to the total rate coefficient at 10 different temperatures. The complete table of energies with spectroscopic identification and α RC (jπ ) of all levels will be available electronically at NORAD-Atomic-Data.database (NORAD Atomic Data database http://norad.astronomy.ohio-state.edu).
The total recombination rate coefficients α RC (T) are obtained for the entire temperature range by summing the contributions of levelspecific rate coefficients of all 475 levels and those from high-n levels as described by the unified method. Typically, the rate coefficient decreases smoothly in the low-temperature region. However, for P II a slight curvature in α RC (T) is visible in the very low temperature region around 330 K (Fig. 4) . This is the effect of the existence of threshold and low-energy resonances in photoionization of many P II levels, as illustrated above. With 14 electrons, the ion has strong electron-electron interaction, which causes considerable interference between RR and DR as seen in other low charge ions, such as for P II ). The effect is seen prominently in the shape of α RC (T) around a temperature of 6700 K in Fig. 4 . It is the region of interference where the unified method provides the most precise total recombination rate coefficient, while the summed total from individually calculated RR and DR rate coefficients is the most uncertain. With an increase of temperature, DR becomes more prominent from resonances formed with excitations of the core ion and this results in a DR bump around temperature 10 5 K. Beyond this temperature, α RC decays monotonically. However, inclusion of higher excitations of the core could introduce more resonances in photoionization, which would raise α RC somewhat in the Table 2 . Maxwellian averaged level-specific recombination rate coefficients α RC (i) of 10 Jπ (n) levels that contribute dominantly to the total electron-ion recombination. Numbers 'n' within parentheses indicate the position of the level in the symmetry Jπ . BE is the binding energy of the level. The full high-temperature region. The present work considers excitations of 17 levels of the core ion P III, assuming low probability for higher excitations in the high-temperature region, where this near-neutral ion may not exist. However, modelling often requires values of α RC over a very large temperature range. From the energy range of the resonant complexes, the accuracy of α RC is expected to be high within 15 per cent over a million degrees. The values of α RC (T) in (cm 3 s −1 ) are tabulated in Table 3 . A Maxwellian averaged α RC (T) gives smooth variations with temperature. However, the detailed spectrum of the summed total recombination cross-section σ RC and rate coefficient α RC (E) with photoelectron energy E shows resonant features that match those of photoionization cross-sections. These recombination lines could be seen in the astrophysical spectra as satellite lines and are identifiable for a few electron systems. Fig. 5 presents the resonant recombination spectrum of P II, σ RC (E) in the top panel and α RC (E) in the bottom panel, with respect to photoelectron energy. α RC (E) can be measured in a laboratory where energies are expressed in eV. The arrows in the figure indicate various excitation thresholds of the core where the resonances converge. It may be noted that α RC (E) drops off after the excitation energies. This is due to the release of trapped electrons in DR after the excitation energies.
Conclusion
The inverse processes of photoionization and electron-ion recombination of P II have been studied using the unified method. The highlighted findings are as follows. (i) Although P II isa low charged ion, relativistic effects are found to be important in very low-energy photoionization. A threshold resonance appears in photoionization of the ground and many excited levels formed by the couplings of fine-structure channels. These and a broad resonant structure near the threshold in levels of the ground state have produced a slight curvature in the total α RC (T) curve in the very low temperature region around 330 K. Relativistic effects are not important in the higher energy region for near-neutral ions (e.g. C II: Nahar 2002) . Radiation damping is included in the present results but found not to be significant. For core ion excitations to high-lying levels of highly charged ions, the Auger effect broadens the resonances near the excitation threshold; this was studied along with radiation damping by Robicheaux et al. (1995) .
(ii) Extensive resonances in low-energy photoionization, due to electron-electron correlation effects, show an impact on the curves of level-specific recombination rates and considerable interference of RR and DR in the low-temperature region around 6700 K of the total rate coefficient.
(iii) Dominating high-peak Seaton resonances due to photoexcitation of the core are found in the high-energy region. They enhance the background photoionization cross-section by the order of magnitude of many excited levels and make an important contribution to high-temperature recombination rates. The total recombination rate has a high peak at a temperature of 10 5 K. (iv) Detailed recombination cross-sections σ RC (E) and recombination rate coefficients α RC (E) with respect to photoelectron energies are presented for possible observations and measurements.
(v) Based on the accuracy of the results obtained and the unified method, the present results are expected to have an accuracy of 15-30 per cent for over 1 MK and are applicable to many astrophysical applications.
All the atomic data for photoionization cross-sections and rates of electron-ion recombination, including Tables 2 and 3, will be available online from NORAD Atomic Data at http://norad. astronomy.ohio-state.edu.
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